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'1
I. INTRODUCTION

Currently, the Army is restricted in the operation of two major
howitzer systems due to excessive levels of blast in the crew area. The
installation of medium caliber cannon on aircraft has produced concern
as to the fatigue life of surfaces loaded by the blast pulse. Proving
grounds are forced to curtail operation when adverse atmospheric condi-
tions are present which permit blast focusing on populated areas. To
treat the problem of predicting and eventually reducing muzzle blast,
an understanding of the flow properties in the vicinity of the weapon
muzzle and its influence on the formation and propagation of the blast
wave must be developed.

A range of research has been performed to address different
aspects of the problem-9. The blast from aircraft cannon has been
studied experimentally by Mabey and Cappsl. They conducted wind tunnel

1. D. G. Mabey and D. S. Cappa, "Blast from Moving Gun," AIAA Journal
of Aircraft, Vol. 14, 1977, pp 687-692.

2. J. Erdos and P. Del Guidice, "Calculation of Muzzle Blast Flow
Fieldo," AIAA J., Vol. 13, No. 8, August 1975, pp 1048-1056.

3. T. D. Taylor and T. C. Lin, "A Numerical Model for ifuzzle Blast
Flow Fields,," AIAA Paper No. 80-0273, January 1980.

4. J. Yagla, "Analysis of Glun Blast Phewn•ena for Naval AYchitacture,
Equipnent, aid 1ropellant Chmrge Design," 3d Intw-natiomal
SI qaium on Ballistics, Karlsruhe, Geimany, Mmvh 19?7, ADPA,

aNiqnqton, D. C.I
5. C. S. Zoltani, "Nwrterical Simulation of the Mmanle Flow Field with

a Motyi•n vTjetile," l' t International Synrpooiwn on Ba-liotios,
L'lando, ,FL, Novmboer 1974, ADPA, Washington, D. C.

6. G. Morctti, "Mwsuate Blast Flow and Related Problms," Afit4 Papmr• 78-1190, JULY 1978.

7. G. Kl-•,nqonbarg, "Tnhvatigation of Combustion PhAmwiena Aevociated
with te Fl•w of Hot PropelZant Gaseo, " Combuation and Fiamw,
Vol. 29, 1977, pp. 289-309.

8. F. Snith, "A Theoreti'cal Model of the Blast frai Stationar.y and
Mov)ing Gumq, " It International Symposiun on Ballistz-o,
Orlando, FL., Novenber 1974, ADPA, Washington, D. C.

9. N. Walthor, "'Gun Blast f"oii Naval Guns," TR 2733, Naval Weapons
Laboratory, Dahlqren, VA, Awuust 1972. AD 902672r.,

7
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tests over a range of Mach numbers from low subsonic through supersonic.
Firings of a 7.62mm rifle were made in the tunnel over a simulated air-
craft surface. The data from this program agree well with the scaling
laws developed by Smith 8 .

4 Erdos and DelGuidice 2 have developed a spherically symmetric
treatment of the muzzle flow which is valid along the axis of symmetry
of the gun tube. They assume that the core flow of the propellant gas

* . jet is determined by the predictions of a steady, method of character-
"istics computation. They use a finite difference scheme to calculate
the propagation of the shock layer between the jet Mach disc and air
blast wave. The model agrees well with available data.

Taylor and Lin 3 , Yagla%, and Zoltani 5 apply shock capturing,
finite difference techniques to solve the axially symmetric problem.
Moretti 6 is developing a shock fitting methodology which holds promise
for the accurate definition of overpressure pulse far from the muzzle.
These codes have been used to account for the projectile, axially
symumetric muzzle devices, and, potentially, the precursor flow. A

problem faced by codes is the lack of experimental Jata describing both
the muzzle blast field and the details of the weapon emptying conditions.

Klingenberg7 has conducted detailed experiments upon both small
and medium caliber guns to measure in-bore and propellant exhaust gas-
dynamIcs as it relates to muzzle flash. Walther 9 his compiled blast
data on Naval weapons but does not present muzzle exit conditions.
Schmidt and Shear address the details of the flow development around
a small caliber weapon, but give little information on the gun muzzle
Oropertries during tube emptying.

"Ihc present report describes the results of a series of experi-
ments intended to define the gun tube emptying and muzzle blast flow
properties of a selected gun system. Firings of a 2Oms. cannon were
conducted to: first, determine the conditions at the muzzle during the
exhaust cycle; second, measure the development of the near muzzle plume
structure; third, obtain pressure data in the blast field outside of the
propellant gas jet; and finally, investigate impingement of the muzzle
flow upon baffle surftaces similar to those in silencers or recoil brakes.
Diata were collected over a range of lautnch condit ions in order to
identify important parameters which govern the strevgth of the mu.zzle
blast overpressure field. The experimental restilts are compared with
theory and used to develop a potentially useful scaling relation.

10. 9. M. Sc.•,('fdt and D. D. Shear, ?Optica•l Nasurcnenntt of wt•alzt
H las," A W . Vot. 13, No. 8, august 49, pp. 1086-8091.
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HII. TEST APPARATUS

The weapon tested is a 20mm cannon having a barrel length of 1.52 m,
a chamber volume of 4.17 x 10-5 m3, and a twist of rifling of one turn in
25 calibres. The projectile is the M55A2 training round weighing 0.098 kg
and having L/D 3.75. The propellant is WC870 having the following
properties:

Tadiab. 2577K,

e = specific energy

= 9.55 x 105 m22

y = 1.25,

2 2o
R = 365.5 m2/s K.

The propellant loading was varied from 3.56 g to 38.9 g to produce a
range in muzzle velocities from 260 m/s to 1000m/s. This provided for
a systematic variation in weapon exhaust properties and resultant muzzle
blast over a set of launch velocities similar to that of field artillery.

The exhaust properties of the propellant gases were measured using
two types of pressure transducer arrangements. The first, Figure 1,
consisted of an array of six Kistler 603A piezoelectric transducers
placed in an adaptor attached to the muzzle. The transducers were
arranged along the boreline at intervals of 1.27 cm beginning 1.27 cm
from the actual muzzle of the cannon. These measure the pressure history
as the gun empties and are capable of determining the speed at which
the expansion wave propagates upstream from the exit of the adaptor
following shot ejection. From this wave speed, it is possible to
determine the speed of sound in the propellant gases and through a !
proper equation of state, to compute the propellant gas temperature.
The details of the measurement and data reduction procedure have been
discussed previouslyll. The second type of muzzle adaptor (Figure 2) I
was simply intended to measure the pressure time history at the muzzle.
The device consisted of a 1.27 cm exten3ion of the muzzle in which a
Kistler 603A transdwuer was mounted. In both cases, transducer output
was recorded on Tektronix, Type 551, Dual-Beam Oscilloscopes.

The muzzle exhaust flow is observed using a sequential spark
shadowgraph technique 1 0 which permits the definition of discontinuity
trajectories in space and time. The properties of the blast wave, once

11. E. M. Sacmidt, S. J. Gion, and D. D. Shear, "Aeouastia Th6ivno-
metric Meaeurw'eta of Propel ant Gae Teratzoa in Guna,"j AIAA J., Vol. 16, No. 2, FP4arr 1977, pp. 222-226.

9.4:



it passed from the field of view of the optics, were measured using
static or side-on pressure transducers 1 2 . These data were recorded
in a cylindrical coordinate system (Figure 3) The time scale is
defined as originating at zero when the base of the projectile crosses
the face of the muzzle. Since the obturating band on the projectile
is located 8 mm forward of the base, there is some leakage of pro- A

* pellant gases prior to the base clearance. The spark shadowgraph and A'
pressure data are acquired simultaneously on each round fired; thus,
it is possible to tie the two sets of data together by including the
"signal from spark firing on the output traces of the pressure trans-
ducers.

In another series of tests, a circular steel plate (Figure 4) was
"positioned in the muzzle flow. The plate has a diameter of 457 mm, a
thickness of 31 mm, and a central hole of 24 mm to permit projectile
passage. The plate is instrumented with Kistler 603A and 201B piezo-
electric transducers. The flow field over the plate is observed using
the sequential spark shadowgraph technique. No blast field data was
taken during these tests. The plate was oriented both vertically to
generate an axially symmetric geometry and at a 50 angle to the axis
of the gun in order to generate a three dimensional geometry. When
inclined, the central hole had to be enlarged to 35 nm for projectile
passage. These tests were conducted at only one launch velocity.

III. GUN TMBE EMPTYING PROPERTIES

As mentioned in the introduction, previous surveys of weapon blast
fields generally neglect the definition of gun tube emptying conditions.
Since the exhausting propellant gases and their resultant expansion
drive the blast wave, this information is crucial to the performance of
rational analytical or numerical treatment of the flow. Through the
ose of the two types of pressure transducer arrangements described in
the previous section, it was possible to measure the flow proerties
immediately behind the projectile just prior to shot ejection and
to measure the pressure decay following shot ejection. While it would
be desirable to measure additional properties during emptying using

12. P. We-tine otd F. ooese, "Blast Gauge for 11aaao•utnj Shoa18 uith
Short Wa•alenqtha, "I,-02-2643-01, Southkovt Reoeaesh Tnhatitute,
San Antonio, TX, Mvj 1970. AD) 907402L.
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spectroscopic 6 or scattering1 3' 14 techniques, such data were either not
available or not completely developed for the 20mm cannon in question.
As an alternative, the full set of muzzle emptying properties are

developed by assuming an isentropic emptying process. Since the in-
bore combustion process does not occur at constant pressure, temper-
ature, or adiabatically, the assumption that the gases are evolved
isentropically is not correct; however, the decay of temperature and
velocity predicted should be qualitatively correct.

The exit conditions measured using acoustic thermometryll are
presented in Figure S. Again these properties are those in the pro-
pellant gases at the muzzle just before separation of the projectile.
The muzzle flow testing was conducted at five distinct loadings,
indicated by the data points in Figure Sa. The exit conditions are
summarized in the table below.

Table I. Measured Gun Tube Exit Conditions and Computed Sonic Exit
Conditions (Quantities in brackets are estimates based on
trends in measured data). Measurements are the average of
three separate firings for each velocity.

A0
m. (g) VP (m/s) Te ( K) Me p/p u* (m/s) T* (OK) p*/p"

3.6 280 1000 0.44 27 632 875 14

9.7 463 1000 0.69 63 653 933 45

17.8 615 1085 0.86 117 693 1052 101

25.9 775 1320 1.00 189 775 1320 189

38.9 1050 (1705) (1.19) 287

I23 W. D. Wi i•-0m and II. !f. Powalt, "Laso•-Ra•.an H"ammt~a, in the
Nftilato 3T"cot Rogion f ,a 290-m Canwtnon," AgA,.TAR-79-72, ArmoZad
•;inoor'i.,q• •vZopeont Canter, INItah"t*a, TN, Auuorat 1980.
AD A088729.

S14. k. M. Pam', at.al., "Laar Ve,4a-otry Hiasur nta of t;ýe
g .ical W.oaiZ,, at Sa~leted Poeitiom thQ t•IftZe !ast I

frpma 20-o- Cm m," AniL'erit~y of Tomnnaseo Spaa'• 2itt,
e.lla homat, 0, Septembe-, 1979.
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From the measured temperature and launch velocity, the exit Mach number,
M, of the propellant gases was calculated. For the first three launch

velocities, the flow behind the projectile was subsonic; thus, a centered
expansion wave propagates back up the gun tube following shot ejection, see
Figure 6. The strength of this wave may be simply computed if it is
assumed that the process is one-dimensional. While this assumption is
not strictly correct in the region very close to the muzzle (Figure 7)
due to the presence of the projectile base, the flow becomes more nearly
one-dimensional as the projectile moves downrange allowing the sonic
"line to close across the muzzle face and as the waves from around the
annulus (between the projectile base and muzzle) converge and intersect
forming a nearly planar front. Using one-dimensional theory 1 5 , the
following relations may be determined:

Iu

u*/a 2 y Ueu/e y+l y+l a

]2 y/(y-l)
P!P "y+l a

where sonic conditions are indicated by an asterisk.

The importance of definition of the sonic oxit conditions should
be clear since it is this "internally expanded" flow which drives the
external expansion of the muzzle gases and associated air blast. For
this reason, these properties are included in Table I. For the last
two launch velocities, 775 and 1050 m/s, the propellant gas was either
just sonic or supersonic. Under the supersonic exit condition, no
waves propaggate back upstream until the continued in-bore expansion
causes the muz:le flow conditions to decay to sonic values. In this
case, any subsequent in-bore expansion wave is reflected back upstream
as an expansion; and, in this manner, sonic exit flow is maintained.
ifowever, no centered expansion wave is formeJ at shot ejection in
either of those last two cases.

Acoustic thornmometry has an oxtramely limited range of utility
in the prescnt application , namely, just a single dat.% point in time.
The subsequent emptying ef the gun tuibe was recorded solely through the
use of a pressure traisducer located as near to the muzzle as possible.

1S. A. I. . Sh-pim.'o The V, rtq. "z". i -_-- ,_.. ...
Midd ?1~z New -o 0'Yorlk, 1963.
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The proximity to the muzzle is important in attempting to accurately
measure the pressure variation through the centered muzzle expansion.
If the transducer is located a significant distance (greater than 0.5-
1.0 calibres) from the exit plane, the continuing in-bore expansion
interacting with the centered wave make interpretation of the data
difficult. The pressure data is shown in Figure 8 for the five launch
velocities of interest. In the traces for the two lowest launch
velocities, the influence of the centered expansion is clearly shown,
but as launch velocity increases, its presence disappears. It is
interesting to compare the rates of pressure decay. For the low launch
velocities, the muzzle pressure decreases rather slowly after the initial
drop associated with passage of the muzzle expansion. On the other hand,

A the muzzle pressure decay for high velocity launches is quite rapid.
As a result, all of the traces show similar levels of muzzle pressure
by about eight milliseconds. No attempt was made to measure the actual
time required for flow from the muzzle to cease, but these data seem
to indicate that it could be quite similar for all of the conditions
tested.

As noted, the remaining gasdynamic properties at the muzzle were
not measured; therefore, they are computed under the assumption that
the emptying process is isentropic. Since pressure is the measured
quantity and the initial temperature is known, the equations take the
following form:

T* = T (P-) Y

Pii
i TP --- T

T*Y+l
s 2 T

u* -

yRT

where asterisks refer to sonic conditions which are assumed to exist
at the muzzle throughout the emptying process. This applies to the
highest launch velocity, 1050 m/s, where the short period of super-
sonic exhaust is neglocted. For each of the launch conditions; the

, .temperature and velocity of the propellant gas as it passes the muzzle
exit is plotted (Figure 9).

Co.,trison of the decay of pressure (Figure 8) with the decays of
temperatu.e and velocity of the exhaust flow shows that eien when the
muzzle pressure drops to nearly atmospheric levels (at around 8 ms),
the temperature and velocity of the propellant gases are still quite
high. A high velocity in the gases could continue the exhaust cycle
of the weapon in a manner which would generate sub-atmospheric
pressures in the tube. Recovery would then occur through the propaga-
tion of a shock wave into the gun tube. This in turn would reflect

413

I.
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from the breech of the weapon and re-emerge from the muzzle. Such over-
expansion and shock recovery ±s observed in both theory and experiment 1 6

of spherical charges or pressurized container rupture. In these cases,
an inward facing shock forms in the expanding detonation products. The
shock first propagates outward, but reverses direction as the gases over-
expand. The shock travels to the origin of the spherical charge where

4 it reflects. The process can repeat a number of times until damped out
by viscous and thermal losses (Figure 10) In the case of the muzzle
exhaust flow, the inward facing shock is the Mach disc which forms in
the supersonic plutr.e. As the exit pressure decays, the Mach disc moves
in toward the muzzle. 1"hile the propagation of the wave into the gun
"tube and its subsequent reflection was not observable, the occurrence of
flow reversals on the present muzzle pressure data*, and sequential
ventings can be ooserved in high speed motion pictures of cannon firings.

*% Another interesting feature of the temperature and velocity
variations (Figure 9) is the occurrenc:e of an inflection point or "knee"
in the curves. For example, the knee occurs at roughly 4 ms in the
curve for V = '80 m/s. The knee is taken to represent the return ofP
the centered r.• 'z±. expansion following propagation down the tube and
reflection from tne breech. Since the wave reflects as an expansion,
its arrival at the muzzle results in increased rate of property value
decay. With these data and approximations to define the venting of the
gun tube following shot ejection, it is now possible to better examine
the properties of the flow external to the weapon muzzle.'

TV. BARE MUZZLE FLOW FIELD

The flow from. the muzzle of a gun consists of two impulsive jets, see
Figure 11. The first, or precursor flow, develops as the air in the
gun tube is forced out ahead of the accelerating projectile. The second,
or propellant gas flow, develops when these high pressure gases are
released following projectile separation. The muzzle pressures
associated with these two flows are vastly different. For example, at
the lowest launch velocity tested, Vp = 280 m/s, the precursor muzzle

16. Principles of Exp•.osive Behavior, AMCP 706-180, Army Materiel
command., flaahingtoJ D. C., 1972.

*The lack of ability to measure the inward propagation of the recovery
shock is partially due to the use of rather insensitive transducers
required to measure and survive the peak muzzie pressure. To measure
the low pressure phenomena near the end of the emptying cycle, more
sensitive traneducers would be required.

14
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pressure is approximately 2.5 atmospheres (Figure 12) compared to a
propellant gas muzzle pressure of 27 atmospheres. For the highest
launch velocity tested, V = 1050 m/s, the precursor muzzle pressureP
is 15 atmospheres and the propellant gas muzzle pressure is 287 atmo-

k spheres. The order of magnitude change in pressure at the muzzle
following shot ejection results in a rapid expansion of the propellant
gases over the projectile and through the boundaries of the precursor
jet. However, the presence of the precursor flow does effect the
development of the propellant gas blast. Since the propellant gas ex-
pandF into a heated, moving precursor flow, the initial conditions for
the formation of the blast are not those of an expansion into a static
ambient; ra~her, both spatial and temporal variations in the ambient
are present. The precursor/propellant gas interactions can be observed
through examination of the optical data.

A series of spark shadowgraphs were taken to demonstrate the vari-
ation in structure of the precursor flow and in the nature of the pre-
cursor/propellant gas interaction with launch velocity, Figures 13a -

13e. At the lower launch velocities, the precursor flow begins very
early in the launch process. This is due to the high propagation
velocity of the shock wave relative to the projectile velocity (note:
the acoustic speed is 335 m/s compared to the launch velocity of
280 m/s). At the lowest launch velocity (Figure 13a) the precursor flow
exhausts at low pressure and the shock structure of a slightly under-
expanded jet is observed; however, downstream of the supersonic portion
of the flow, an extensive, subsonic, turbulent jet is seen. At the
time of shot ejection, the leading front of this turbulent jet is 14
calibres from the muzzle. When the propellant gases expand behind the
projectile, a blast wave is formed in the undisturbed air external to
the precursor jet; however, along the axis, no density discontinuity is
observed. Apparently, the higher wave speed in the moving, heated
turbulent jet combined with the blocking effect of the projectile either
'Prevents the formation of the shock wave on axis or sufficiently
weakens it that it can not be observed with the optics employed in the
experiment.

As the launch velocity is increased, greater compression occurs
in the precursor gases. This results in a shortening of the downrange
propagation of the flow prior to shot ejection. The increased exit
pressure of the precursor flow provides greater lateral speading of
the jet and an enlarged supersonic core. The higher propellant gas
pressures develop a stronger blast and the shock wave is clearly seen
to develop along the axis; although a definite forward bulge is seen in
Figures 13b and c. At the highest launch velocity tested, the inter-
action between the precursor and propellant gas flow changes from pre-
dominantly a long region of limited interaction along the axis of
symmetry to a shorter region of extensive interaction throughout the
flow. Literally, the whole front portion of the blast wave experiences
significant distortion.

mo



The trajectories of the Mach disc, propellant gas/air contact
surfaze, and blast wave along the axis of symmetry have been measured
from the spark shadowgraphs (Figures 14a-14e). In the lower velocity
casec, the blast wave was located by measuring the radial distance of
the spherical portion of the front front the muzzle. For the high
velocity cases, Figures 14d and 14e, this was not practical and the
blast wave position is the distance from the muzzle to the point on
the front nearest the axis of symmetry. The position of the contact
surface can not be accurately measured in the spark shadowgraphs due
to obscuration of the axis by intervening layers of turbulent,
opaque propellant gas in the higher velocity, lateral shear layers
of the jet.

Also shown on these figures are the predictions of the one-

dimensional analysis -'f Erdos and Del Guidice 2 . For the low velocity
cases, the igrf-.ient between theory and experiment is good; however,
for the higner velocities, the prediction is in error. The reason
for this discrepancy is the failure of the model to account for
interactions between :he precursor and propellant gas flows. As noted
above, the"e intteractions "'roduc- forward bulges in the blast wave which
were removed from the low alocity da~a during reduction, but of
necessity remain in the high velocity results. The disagreement in the
Mach disc trajectories reflects the lower pressure level behind the
blast wave in the actual interacting case.

To further explore this behavior, the gun tube was sealed and a
vacuum was drawn in the air ahead of the projectile prior to the weapon
being fired. A cellophane diaphragm was placed across the muzzle and
an "0" ring was placed around the projectile forward of the rotating
band. This arrangement permitted the g&n tube to be evacuated to
30 pm Hg prior to firing and effectively eliminated the precursor flow,
Figure 15. Only a weak shock propagates from the small amount of pre-
cursor gas ejected prior to projectile exit. The propellant gases
rapidly expand through this precursor and form a clearly undisturbed
blast, The trajectories of the blas" wave and contact surface were

measured, Figure 16; however, the Ma(' disc could net oe observed in
the photographs due to opacity of the exhaust flow. The agreement
between theory and the trajectories frni.. the evacuated tube is greatly
improved over that previously obtained.

The influence of the precursor-propellant gas interaction on the

strength of the blast wave was examined through pressure probing. A
stagnation pressure transducer was placed Wdmm from the muzzle albng a 1
ray making a 400 angle to the axis of symmetry (Figure 15). Pressures
were measured for the evacuated and ambient tube (Figure 17).

For the evacuated tube there is no measurable precursor blast.
The propellant gas blast arrives and rellects from the probe gener-
ating a peak pressure of 94 atmospheres. The propellant gas jet then
impinges on the probe and a quasi-steady decay of pressure ensues as

16
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the gun tube empties. In the case of the ambient tube, the pre-
cursor blast is clearly seen. The peak pressure behind the propellant
gas blast reaches a value of 57 atmospheres prior to arrival of the
propellant gas jet. The comparison of the two peak (94 versus 57
atmospheres) clearly shows that the presence of the precursor flow pro-

A vides a higher velocity, higher temperature medium within which the
blast wave strength does not reach "undisturbed" or evacuated tube
values. The theoretical prediction2 for the reflected shock over-
pressure is 74.8 atmospheres. While higher than the measured value
for the ambient tube, this pressure is lower than measured for the case
with a pitot probe in front of the evacuated tube.

While it is not clear what effect the precursor/propellant gas
interaction has upon far field blast, it will have a significant
influence on near muzzle gasdynamics and in particular upon muzzle
device flows. The peak loadings upon a muzzle brake are due to
impingement and reflection of the propellant gas blast1 7 ; thus, a
computation of this phenomena which treats only the propellant gas
blast would overpredict pressure levels. While this does provide a
built-in structural safety factor if design is based on such a code,
the existence of the interacting flows should be noted if quantitativecomparison between theory and experiment is attempted.

V. BLAST FIELD AND CORRELATION

The static pressure levels in the blast wave were measured for all
test conditions. Figures 18a-18e present contours of peak overpressure,
where

A-p = (p - p,,) /p,,

As expected the pressure is greater at the same position in the field
for the higher launch velocity cases than for the lower velocities.

The geometric similarity in the overpressure contours for the five
launch velocities tested suggests that some scaling or correlation
parameter should be capable of unifying these results. Smith8 intro-
duces a dimensional scaling parameter to account for variations in gun
barrel length (which alters the exit velocity), altitude, gun platform
velocity, and propellant. His correlation also accounts for azimuthal
variation of overpressure; however, the relationship has been used
only with a 7.62mm rifle pressure field. Westine 1 8 proposes a scaling

17. E. M. Schmidt, E. J. Gion, and K. S. Fans ler, "Measurement of and
in the Muzzle Blast of 2Oin Cannon," 4th International Symposiuw
on Ballistics, Monterey, CA, ADPA, Washington, D.C., October 1978.

18. P. Westine, "The Blast Field About the Muzzle of Guns," Shock
and Vibration Bulletin, Vol. 39, Part 6, March 1969, pp. 139-149.
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of the overpressure parameter at geometrically similar positions in the
blast field.

Essentially, Westine defines a non-dimensional parameter,
Ap D2 L/W 'I

where
D, L gun tube diameter, length

W E - mV•/2

T energy of propellant less the projectile
kinetic energy at launch

His scaling law states that at identically scaled locations in the blast
field (X/D, r/D) the value of the parameter, 0, will be equal to that of
the standard weapon.

0
The strength of this correlation parameter may be examined by

attemptin.g to scale the measured overpressures along the 90 radial
from the muzzle (Figure 19). These data have been collapsed using the
parameter, 0, and are compared with Westine's standard (Figure 20). The
full range of launch velocities is included in the spread of the symbol
representing the present data, Westine's parameter succeeds in col-
lapsing the relatively wide spread in the overpressure data shown in
Figure 19 into a more systematic presentation; however, the curve
representing the standard scaling law falls outside the spread.

An alternative form of scaling involves stretching the geometric
coordinates in accordance with the strength of the source. In the case
of a gun, the blast is driven by the expanding propellant gases which
themselves have a definite structure. The development of the Mach disc
is interesting to examine for use as a dimensional scaling parameter in
that it reflects the initial unsteady nature of the flow and the sub-
sequent quasi-steady decay of the supersonic jet structure as the gun
tube empties. The stabilized location of the Mach disc can be determined
from the spark shadowgraphs and compared with the empirical relationship
for steady jetsl 9 :

X/D - 0.7 M (ype/p.)l/2

where Me is the exit Mach number of the flow behind the projectile and

19. C. H. Lewis and D. J. Carson, "Noznal Shock Locations in
Underexpanded Gas and Gas-Particle Jets," AIAA J., VoW. 2, No. 4,
April 1964, pp. 776-777.
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p is the exit pressure. The value of M must always be greater than

one. For subsonic exit Mach numbers, the one-dimensional expansion to
sonic exit conditions must be computed. In which case,

X/D = 0.7 (yp*/pJ)/2

For the muzzle jet of the 20mm cannon used in the current tests, the
Mach disc has been measured and is compared with the predictions of the
above relationships using the tabulated exit properties:

TABLE II. Mach Disc Locations

V (m/s) 280 463 615 775 1050
p

X/Dcomp. 3.0 5.2 7.9 10.8 15.8

X/D 2.6 5.6 8.0 10.8

The comparison of the predicted Mach disc location (using the correlation
and gun tube exit conditions from Table I) and measured values is good.
For the highest velocity case, data was not taken at times long enough
for the Mach disc to stabilize.

Using the stabilized positions of the Mach disc from the above
table, the overpressure variations of the 20mm blast tests (Figure 19)
were scaled (Figure 21). The resulting correlation of the data is
seen to be reasonably good. However, the extent of the data in terms
of pressure levels, positions in the blast field, and gun types does
not permit generalization of conclusions regarding the universal
applicability of this scaling parameter.

VI. PLATE SURFACE PRESSURE DATA

A. Vertical Plate*.

In this series of tests, the plate was aligned perpendicular to
the axis of the gun (Figure 4) The launch velocity tested was 615 m/s.
Data was taken of the surface pressure on the plate at several axial
stations from 0.5 through 8.0 calibers from the muzzle. The first

*Some of theose data have been reported proviousltyO; however, repetition
is made for the oake of oomp-etness.
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transducer is located 0.02 m (I caliber) from the axis of symmetry
with the others set at 0.01 m intervals. The measured pressure traces
are all quite similar (Figure 22). Initially, there is a rapid increase
in pressure when the blast arrives at and is reflected from the plate.
The pressure level reached is the maximum in the emptying cycle. Expan-
sion of the blast causes the pressure to drop. The initial, highly
transient portion of the flow lasts for SO - 100 ps, until the pro-
pellant gases arrive and are deflected by the surface. Once the pro-
pellant gas jet impinges upon the surface, the pressure levels stabilize
and decay at relatively slow rate dependent upon the variation of muzzle
exit conditions during gun tube emptying.

The quasi-steady nature of the flow field within the jet core can
be demonstrated by using muzzle exit properties, which change in time,
as reference parameters to non-dimensionalize data acquired on the plate
surface. The pressure variation on the plate surface as a function of
time is 3hown in Figure 23. The plate is located 1.5 calibers from the
muzzle and the gauge station is l.S calibers off the line of fire. The
data are for three different launch velocities and include only pressure
values following the peak blast loading; i.e., plume impingement pressure
is shown. The variation in pressure with time is significant, particu-
larly with the data for the high velocity launch. If the pressure on
the plate surface is normalized by the muzzle exit pressure as measured
at equivalent time (Figure 8) temporal variations in the resulting non-
dimensional pressure parameter, p/pm, are nearly eliminated, Figure 24.

In addition, the data from the three different launch velocities are
collapsed to a single value, p/p, a 0.068. This result is not un-

expected since the flow within the core of a supersonic jet (within
the bounding shock waves, Figure 11) has been demonstrated2 0 to be
independent of boundary conditions other than those at the nozzle exit
or origin of the plume. In addition, the only exit parameters needed
to uniquely define this core flow are the exit Mach number and ratio
of specific heats. The nozzle exit p-essure ration, p /p., enters into

consideration only in the determination of the geometric extent of this
core flow.

20. P. Owen and C. Tho•,•hilt, "T'he Flow in an.Axia;ty SymeetricSupersonic Jet from a NearlZy Sonic Orifice into a Vacuum,"

R 30/48, Royat Amwinent Research and DeveZopment Eetabtiahment,
Kent, AK 1948. AD 57 261.
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The property distribution within the supersonic core of a jet
typical of a muzzle exhaust plume have been computed by the method of
characteristics 21 . The centerline variations of some important param-
eters are presented in Figure 25 with the centerline variation of Mach
number being given below, Table III.

Table III. Centerline Variation of Mach Nugber for an Axially
Symmetric Jet (Me = 1.0, ee 0 , y 1.25, pe/p = 500)

X/D M X/D M X/D M X/D M

0 1.0 1.5 3.09 4.5 4.88 8.0 6.02

0.2 1.15 2.0 3.44 5.0 5.08 9.0 6.30

0.4 1.42 2.5 3.89 5.5 5.26 10.4 6.68

0.6 1.83 3.0 4.18 6.0 5.42 12.6 7.35

0.8 2.20 3.5 4.44 6.5 5.57 13.9 7.72

1.0 2.49 4.0 4.68 7.0 5.72 15.5 8.18

Based on the method of characteristics calculation, Newtonian
impact theory was used to estimate the pressure on the plate surface,
Figure 24. The theoretical value is somewhat low. This is in part
due to the fact that at x/D = 1.5, the centerline Mach number is only

3.09, a value which is not truly hypersonic as required for applica-
tion of Newtonian theory, i.e., C = 2 sin2O. However, similar

disagreement has been observed in comparing simple predictions with
measured impingement pressures of steady jets 2 2 . In this case, the
failure to accurately model the standoff of the normal shock generated
in the plume ahead of the surface was determined to be the origin of the

discrepancy.

In the design of muzzle devices, two values of pressure are of
particular interest, the maximum and steady state values (Figure 26).
The maximum pressure sets the structural strength requirement of any
muzzle device, while the steady state value provides the momentum
exchange needed to reduce recoil. Both pressures show similar variation

21. A. R. Vick, et al, "Comariaon of Experimental Free-Jet Boundaries
with Theoretical Results Obtained 0ith the Method of Characterio-
tics," TN D-2327, NASA, June 1964.

22. C. D. Donaldson and R. S. Snedeker, "A Study of Pree Jet Impinge-

ment," Journal of Fluid Mechanios, Vol. 46, Part 2, 1971,
!.,: pp. 281-329.
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across the plate. At a given axial station, there is a rapid decay of
pressure in the direction of increased radius. In fact, at stations
X/D = 0.5, 1.0, 1.5, and 2.0, the steady state pressure drops to sub-
atmospheric values at extreme radial locations. Carling and Hunt 2 3

indicate that for supersonic jet impingement on flat surfaces without
central holes, the flow expands from subsonic conditions behind the
normal shock on the axis through a sonic line to supersonic velocities
near the outer edges. This produces overexpansion to pressure below A
ambient and recovery occurs through a series of shock waves. In the
present data, overexpansion was observed; however, sufficient instru-
mentation was not available to observe the details of the recovery
process.

For practical application as a muzzle device, the outermost extent
of the transducers, r/D = 3.5, is beyond the limit of size and weight.
Yet, it is interesting to note the additional constraint imposed by the
basic flow, i.e., increased baffle radius can produce decreased effi-
ciency in recoil reduction due to overexpansion of the flow.

At X/D = 6.0 and 8.0, the maximum pressure profiles (Figure 26)
do not show monotonic decay across the plate. Apparently. this
behavyior is caused by the bifurcation of the shock system (Figure 13c).
Near the axis, the forward protuberance reflects from the surface,
whereas at greater radii, the main blast reflects generating the secondary
peak in pressure. 4

The pressure history at a given station may be estimated by using
the analysis of Erdos and Del Guidice 2 in conjunction with the method of
characteristics computation of the supersonic core2 1 , For the launch J
conditions under consideration, the predictions of Erdos and Del Guidice, see
Figure 14c, are in reasonable agreement with the measured discontinuity
trajectories. For a given location of the plate, the relative geometry
between its surface and the spherical shock may be determined. The 7

peak pressure behind the shock is estimated using reflection coefficients
from nuclear blast research 2 4 . The duration of the unsteady pulse canl
be determined as the period between arrival of the blast and arrival of
the Mach disc. The steady state pressure may be estimated from the
method of characteristics computation of the supersonic core of the jet,
from the relative geometry, and from Newtonian theory. A simple linear

23. J. Carling and B. Hunt, '"The Near Wall Jet of a Nowmally I*pinging,
io2n , kviaynwetrio, Supersonic Jot," JFM, Vol. 66, 1974, pp. 159-

24. S. Glasstone (ed), The Effects ofNuaZear Weapon_- AEC,
Gove2rnefnt Printing Office, Washington, D.C., 1976.
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extrapolation between the peak and steady state values, while accounting
for the pulse width, produces the prediction of Figure 27. While the
agreement between the estimate and measurement is good for the steady
state value, the peak is too high in the predicted case. As has been
previously discussed, this overprediction is due to the fact that the
theory does not treat the effects of precursor-propellant gas inter-
actions. Another problem lies with difficulties in obtaining a con-
verged starting solution using the Erdos model. The code uses a
starting algorithm which requires approximately two calibres of blastwave travel prior to convergence; thus, with actual brakes having

baffles located closer to the muzzle than this distance, the reflection
approach used here would fail.

The steady state pressure levels across the plate surface for two
different axial stations are compared with the Newtonian approximation
in Figure 28. The agreement is quite good. Similar results have been
reported by Eastman and Radtke 2 5 in examining steady jet impingement on
surfaces. An obvious difficulty in directly applying this simple
calculation procedure to an actual weapon muzzle device such as a recoil
brake is the failure to account for attachment cowls. The present data
were acquired for a free jet impinging upon a plane baffle. For an
actual cannon, the baffle surfaces must b* connected to the weapon in
some manner. The resulting attachment devices act as nozzles to
influence the development of the exhaust plume. The alternation of
the flow must be accounted for in attempting to design a muzzle device
for strength or efficiency.

B. Inclined Plate.

In a second series of tests on the plate, its axis of symmetry was
inclined at an angle of 40 with respect to the gun tube axis. This
generates a three dimensional geometry in the flow over the plate
surface. These experiments were a simulation of the muzzle flow over
a compensator device. Tests wore conducted at a lawuch velocity of
77S m•s.

The hole for the projectile passage required enlargement, thereby
eliminating the first gage station at r/D 1.0. Additional stations
were installed at six radial locations from riD - 4.0 to 6.5. The
axial location of the plate was varied from X/D - 1.25 to 5.0. The
surface was rotated about it5 axis of sywmetry to provide full azimuthal
coverage, from T 0 to 180e (Figure 3).

25. D. W. Eastami and L. P. Radtka, "PZoi PioZd of an Exaust Man#
Impinging on a Siri.uZated Luar Susrfaoo,"/ Al J., VoZ. 2, ho. 6,
dune 1983, pp 1430-2432.
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The pressure-time histories on the plate surface are similar to
those obtained in the vertical plate tests. An initial peak is observed
corresponding to the arrival and reflection of the blast wave at the
plate surface. This is followed by a decay in piessure to the quasi-
steady plateau value corresponding to immersion of the plate in the
core of the exhaust plume. The maximum and the (quasi-) steady state
pressures are plotted iii Figures 29 and 30 respectively. Each graph
contains a series of curves corresponding to a single axial station
but different azimuthal generators of the plate surface. The coordinate,
s, is the distance along the surface.

The distributions of maximum and steady state pressures are
similar. The highest pressure is recorded along the T = 1800 ray since
the angle of incidence of the flow passes through 900 surface is in
closest proximity to the weapon muzzle along the ray. The rapid decay
in pressure along rays is due to decreasing incidence angle and in-
creasing expansion of the flow off the axis of symmetry of the jet.
These effects are illustrated by observing contours of streamline
inclination angle, 0, and Mach number obtained from a method of charac-
teristics computation of a steady jet flow (Figure 31).

The properties obtained from the method of characteristics solution
may be used in conjunction with Newtonian theory to estimate the steady
state pressure distributions on the plate surface. This procedure is
discussed in Appendix A and the results of a sample computation are
shown in Figure 32. To better illustrate the surfa• ' pressure distri-
butions, the data is plotted along rays fr- T 0 to 90° with both
positive and negative values of s/D used to indicate the upper and
lower half planes of the flow field, respectively. The agreement
between Newtonian theory and measurement is reasonable. Trends in the
data are clearly delineated. In all cases tested, with the exception
of data for X/D = 5.0, the highest pressures on the surface occurred
at values of s/D less than 1.5; i.e., at positions where no transducers
were located. For X/D - 5.0, however, the peak moves onto the trans-
ducer array and can be observed in both sets of data (Figures 30 and
31) to occur near s/D - 3.0 in the lower half plane (Y - 1800). The
migration of the peak is associated with the variation in flow properties
with stand-off from the muzzle. At large distances, the flow becomes
increasir.g more spherically symmetric and, in the limiting case of a
plate having infinite extent with the flow expanding into a vacuum, the
peak would asymptote to the location of the surface normal connecting
the plate wad the weapon wuzzle.

The data for X/I) = 5.0 also shows multiple peaks and plateaus in
the wWxi,,:um pressure distributions (Figure 30d). 1These may lye associated
with bifurcations in the incident shock or formation of a Nach stem as
the shock incidence angle varies acress the plate surface.
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VII. CONCLUSIONS

Experimental results are presented which define the muzzle exit
conditions, free field muzzle blast, and muzzle flow over obstacles

1 for a 20mm cannon. A range of weapon launch conditions are tested in
A order to establish the changes in the blast field properties associated

with changes in exit conditions.

The experimental results show that the effect of precursor/
propellant gas interaction should be included if an exact representation
of the muzzle flow is desired. This is especially true at higher values
of exit pressure and velocity.

Comparison with simple models of the flow field produces reasonable
agreement between theory and experiment. The nature of the experimental 4i
data makes it ideal for comparison against more exact treatment, e.g.,
two dimensional, unsteady.
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Figure 1. Photoagraph of Muzzle Adapter for Acoustic Thermntitry
Mea surements
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Figulre 2. photograph of Muzzle PatrfrEiPressur
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APPENDIX A: CALCULATIGN OF PLATE SURFACE PRESSURE FROM NEWTON'S FORMULA

The Newtonian formula for the surface pressure coefficient is

c 2 sin 2N
p N

where 0N is the angle between the flow streamline and the surface.

The surface pressure (corresponding to the measured steady state
pressure) is then

(p - p)/Pz = yM2  2

where the subscript 9 denotes local conditions. Rearrangement to
compare with the plotted overpressures results in

.p_ .Z= (p/p) (p/p.) 1

P..

rykf in' aN + I P~P (A-1)

The quantities entering into Equation (A-I) are obtained from the
free-jet code and the geometry, as described in the following sections.

The jet-code starting parameters art Nj and pj/p the Jet Mach
nuliber and pre.sure ratio respectively, i.e., thu muzzle exit conditions.
The code outputs among other quantitivs, the spatial contours of 0
the local flow inclination ,with respect to the bore line), and Mr, the
local Mach number. Sample ou,,-ut for N 1.01, pj/p,, 180 are shown

in Figure 31.

"Ole quantity pa/p is computed as

Using the isentampic relation,

!!.p 0  1 2 /v)

.,.,.

11:10 P 2.. l

A:::



i-2i

-t+ ( --)

S4, i

y iel1ds

PA [2 +('Y-l1)Mj 2 P]"

Substituting into Equation A-I for the surface pressure ratio now gives

sin e 2(Y 1)M
[2 2 sin e + 1 - - . - * (A-2)p.. - (y I)M 2

The quantity Oa, for the plate oriented normal to the bore line,

"is given directly as the complement to the local flow angle O, as seen

in Figure Al. For the general case with inclined plate, an angle n may
be defined:

nv angle netween a flow inclination vector v and the plate unit

normal n that is directed in the -x sense, and is depicted in Figure A2.
Then it is seen

o2 -

The angle n is obtained through the relation v * n tvl cos
Finding Yi thus requires specifying a flow inclination vector, v,* the
plate unit normal vector, n, and performing the scalar product.

The plate unit normal for any rotation Y about n is fixed in
direction in the (r,x)-plane after inclining to 0 about the q-axis.

(See Figure A3). Thus n.- (0, sih p, - Cos 0p)
pp

The coordinates (v q, v r v X) of v may be determined from the

geometry, raquiring v and v to be coordinates of a gage locationq r

on the -,iclined, rotated plate which the flow is incident upon, and
requiring the distance vx along the bore lino to be consistent with

the local flow inclination 0 nmd the placement of the plate gages in

the flow field. From Figute A2 we may road off the components of V:

v (- s sin Y, s cosY cos 8p, x' + s cosy Sin 0p)

v to a veotor tcngient to the -f%' veoloityv vazctor at the giaiug otati1'n

crta oonnootiizq ttht gag cnii &ri of o8protxatj.
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where
s gage coordinate along the plate surface measured

from bore axis, and xt must satisfy

x' + s cos' sin (co (A-31

Then

Xt Cos6
pcost -v-- (A-4)

One additional equation completes the system of equations for the
three unknowns n, x', and v

V1, 2 + v2 + v2

q r x

2 .2~ 2 2 2

= s sin T s cos 2 cos p
p

~-2 2- jVI cos

utilizing the v coordinate as expresed in terms of the local flow
x

inclination from the jet code output. Thus in terms of lznowns:

I I= (s/sin a )(sin2 T + cos 2  cus2 op

This result is combined with Equations A-3 and A-4 to give

sinO0 sine0 cos 0 cos T~
coscoscoosO

.Cos n =o)½s cos (A-5)
(sin2' + cos24 cos2 p

There remains yet determining the appropriate 0 and M for a

particular gage station at given plate orientation x, 0 , and T. The

jet code, as mentioned earlier, can be applied to an axially symmetric
flow. The procedure here was to place the line of gages in the
(inclined rotated) plate onto the contour plots of 0k and M, given by
the jet .ode, at the chosen axial location of the plate, and at a
calculated angle r with respect to the bore line. From Figure 3, the

angle r is seen to satisfy

cos f = cosy sin p

S I 
_7



thus for a given plate orientation x, 0, and T, the gage line is

located for the contour maps and may be drawn in; then 0 and MP

may be read off for each gage location. A double interpolation scheme
was necessary for some gage positions. Thus, all the quantities are

in hand for calculating reflected pressures in the Newtonial formu-
lation, Equation A-2.

3
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LIST OF SYMBOLS

a speed of sound

C pressure coefficient

D gun tube diameter

e specific energy

L gun tube length

m charge mass
c

M Mach number

p pressure

R gas constant

r radial distance from bore line

T temperature

u gas velocity

V projectile launch velocity
p

X axial distance from gun muzzle

y ratio of specific heats

ON angle between streamline and plate surface

- azimuthal angle to gauge position on plate

Superscripts

• sonic conditions

Subscripts

ambient conditions

e conditions behind projectile immediately prior to shot
ejection

s stagnation conditions
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